Stimulation of synaptic NMDA receptors (NMDARs) induces neuroprotection, while extrasynaptic NMDARs promote excitotoxic cell death. Neuronal expression of cyclooxygenase-2 (COX-2) is enhanced by synaptic NMDARs, and although this enzyme mediates neuronal functions, COX-2 is also regarded as a key modulator of neuroinflammation and is thought to exacerbate excitotoxicity via overproduction of prostaglandins. This raises an apparent paradox: synaptic NMDARs are pro-survival yet are essential for robust neuronal COX-2 expression. We hypothesized that stimulation of extrasynaptic NMDARs converts COX-2 signaling from a physiological to a potentially pathological process. We combined HPLC-electrospray ionization-tandem MS-based mediator lipidomics and unbiased image analysis in mouse dissociated and organotypic cortical cultures to uncover that synaptic and extrasynaptic NMDARs differentially modulate neuronal COX-2 expression and activity. We show that synaptic NMDARs enhance neuronal COX-2 expression, while sustained synaptic stimulation limits COX-2 activity by suppressing cellular levels of the primary COX-2 substrate, arachidonic acid (AA). In contrast, extrasynaptic NMDARs suppress COX-2 expression while activating phospholipase A 2 , which enhances AA levels by hydrolysis of membrane phospholipids. Thus, sequential activation of synaptic then extrasynaptic NMDARs maximizes COX-2-dependent prostaglandin synthesis. We also show that excitotoxic events only drive induction of COX-2 expression through abnormal synaptic network excitability. Finally, we show that nonenzymatic lipid peroxidation of arachidonic and other polyunsaturated fatty acids is a function of network activity history. A new paradigm emerges from our results suggesting that pathological COX-2 signaling associated with models of stroke, epilepsy, and neurodegeneration requires specific spatiotemporal NMDAR stimulation.
Introduction
NMDA-type glutamate neurotransmitter receptors (NMDARs) conduct Ca 2ϩ and Na ϩ ions through membranes and mediate synaptic plasticity. However, under pathological circumstances, stimulation of NMDARs initiates deregulation of intracellular Ca 2ϩ homeostasis and excitotoxic cell death. The dual role of NMDARs in function and pathology is explained by receptor location, i.e., synaptic or extrasynaptic. Synaptic NMDARs are thought to initiate survival signaling, while extrasynaptic NMDARs are linked to Ca 2ϩ deregulation and cell death. Many examples of opposing effects of synaptic and extrasynaptic NMDARs on neuronal signaling pathways and survival outcomes have been reported, and some key mediators of these pathways have recently been reviewed (Hardingham and Bading, 2010) .
Phospholipases A 2 (PLA 2 s) cleave the polyunsaturated fatty acids (PUFAs) arachidonic acid (AA; 20:4,nϪ6) and docosahexaenoic acid (DHA; 22:6, n-3) from the sn-2 position of membrane phospholipids by ester hydrolysis (Bazan, 2003) . NMDARs enhance AA release from phospholipids through Ca 2ϩ -dependent activation of PLA 2 s (Dumuis et al., 1988; Stella et al., 1995; Taylor et al., 2008) . Cyclooxygenase-2 (COX-2) is a hemecontaining enzyme that catalyzes the rate-limiting step to prostaglandin (PG) synthesis by adding molecular oxygen to free, unesterified AA (Smith et al., 2000) . PGs engage bioactivity through activation of G-protein-coupled receptors and are required for certain forms of synaptic plasticity (Kaufmann et al., 1996; Chen et al., 2002; Chen and Bazan, 2005; Sang et al., 2005; Akaneya and Tsumoto, 2006; Savonenko et al., 2009; Yang et al., 2009; Koch et al., 2010; Le et al., 2010) and neurovascular coupling (Niwa et al., 2000; Gordon et al., 2008) ; however, overproduction of PGs by COX-2 appears to mediate neuronal injury, aberrant plasticity, and inflammatory/immune responses in ischemia-reperfusion damage (Nogawa et al., 1997; Nakayama et al., 1998; Iadecola et al., 2001; Kawano et al., 2006) Koch et al., 2010) . Given that synaptic NMDARs induce neuroprotection and that COX-2 has been linked to a variety of brain injuries, the observation that synaptic NMDARs increase COX-2 expression (Yamagata et al., 1993) is an apparent paradox.
The role of extrasynaptic NMDARs in COX-2 expression and activity has never been investigated. We hypothesized that stimulation of extrasynaptic NMDARs results in overproduction of neuronal PGs by COX-2, thereby converting physiological PG signaling from synaptic NMDARs to a potentially pathological process. We combined HPLC-electrospray ionization (ESI)-tandem MS (MS/MS)-based mediator lipidomics and unbiased image analysis in mouse dissociated and organotypic cortical cultures to show that synaptic NMDARs drive COX-2 expression with relatively low PG formation, while subsequent extrasynaptic NMDAR activation induces remarkably enhanced COX-2 enzymatic activity via increased AA release. We find that synaptic activity suppresses cellular AA levels and nonenzymatic lipid (auto)peroxidation, while extrasynaptic NMDAR stimulation specifically couples to PLA 2 activation, AA release, and peroxidation. In addition, we show that glutamate transporter blockade initiates excitotoxicity followed by aberrant network activity and enhanced COX-2 expression, without remarkably increased COX-2 activity, highlighting the importance of spatiotemporal patterning in NMDAR-dependent COX-2 signaling. This is the first process reported to require such spatiotemporal NMDAR stimulation and may represent a key determinant of physiological versus pathological COX-2 signaling.
Materials and Methods

Dissociated cortical cultures.
Cortices from C57BL/6 mouse pups (postnatal day 0) of either sex were dissected and minced in ice-cold dissection medium containing (in mM): 73.6 Na 2 SO 4 , 27.0 K 2 SO 4 , 12.6 MgCl 2 , 0.23 CaCl 2 , 1.4 HEPES, 18 glucose, 1.0 sodium kynurenate, and 0.001% phenol red. Tissue was transferred to digestion medium (dissection medium plus 3.7 mM L-cysteine, 10 U/ml papain from papaya latex, and 0.75 KU/ml DNase I from bovine pancreas) and incubated at 37°C for 40 min. The tissue was rinsed twice with dissection medium and twice with growth medium (Neurobasal A plus B27 supplement (Invitrogen), 1 mM L-glutamine, 50 U/ml penicillin, 50 g/ml streptomycin, and 1% rat serum). The tissue was then triturated in growth medium plus 0.75 KU/ml DNase I using a series of 9 inch Pasteur pipettes flame polished to successively smaller bore sizes. The resulting suspensions of dissociated cells were pooled and diluted to the desired density using Opti-MEM I (Invitrogen) plus 20 Figure 1 . MAIM applied to disinhibited and NMDA-challenged dissociated cortical cultures. a-j, Representative images from a MAIM applied to dissociated cortical cultures challenged with bath NMDA with and without a 24 h bic/4-AP pretreatment. Bath NMDA challenge was 1 h and the cells were fixed and stained with Hoechst 33258 after 8 h recovery. The boxed area in a is expanded in b. Scale bar, 40 m. Application of an Otsu autothreshold to each field of Hoechst-stained nuclei defined discrete areas of Hoechst positivity. In j, the red, green, and blue objects were counted as (respectively): 1 pyknotic nucleus, 1 non-pyknotic nucleus, 3 non-pyknotic nuclei. k, MAIM was used to quantify nuclear size distributions following NMDA challenge in spontaneously active (top) and disinhibited (bottom) cultures. l, Data from the top of k are expressed as cumulative percentage. m, n, Summary of data from k expressed as standard box plots (m) and average percentage non-pyknotic nuclei (n) with individual values from each replicate (squares). The nuclear size cutoff for defining pyknotic vs non-pyknotic nuclei is represented by the dashed lines in k and q. *p Ͻ 0.0005, n ϭ 4, two-sample t test. o, Top and middle, Nuclear size distributions of the control group from (k) before and after exclusion of very small (Ͻ10 m 2 ) objects. Bottom, Untreated cells plated at a significantly lower (see p; *p ϭ 0.003, n ϭ 4, two-sample t test) density have a narrow nuclear size distribution with a prominent mode at 77 m 2 . q, Individual values of nuclear size in spontaneously active cultures challenged with 40 M NMDA, plotted by replicate. mM glucose. Diluted cell suspensions were seeded on polystyrene tissue culture plates coated with 0.8 -1.3 g/cm 2 laminin from Engelbreth-Holm-Swarm murine sarcoma basement membrane and 5.0 -8.3 g/cm 2 poly-D-lysine hydrobromide (molecular weight 30,000 -70,000). After 3 h the seeding medium was replaced with fresh growth medium. Cultures were treated with 4.8 M cytosine arabinoside on day in vitro (DIV) 4. Cultures were fed by adding 1 volume of fresh growth medium on DIV 4 and replacing 50% of the resulting medium volume on DIV 8. Experiments were conducted on DIV 9 -11. Dissociated cultures were ϳ80% neuronal as assessed by NeuN immunofluorescence (IF) .
Organotypic coronal slice cultures. Brains from 7-d-old C57BL/6 mice of either sex were removed and embedded in 4% low melt agarose in dissection medium [HBSS (Invitrogen) plus 36.5 mM glucose]. Coronal slices (350 m) were cut using a vibratome, and slices obtained from approximately the level of first appearance of the striatum to the caudal third of hippocampus were transferred to PTFE membrane cell culture inserts (Millipore) in 30 mm dishes containing 1.1 ml of preequilibrated growth medium. Growth medium consisted of 50% Basal Medium Eagle/25% Earle's Balanced Salt Solution (Invitrogen)/25% horse serum plus 36.5 mM glucose and antibiotics as above. Cultures were fed by replacing half of the growth medium every 2 d. Experiments were conducted on DIV 7-8. All cultures [dissociated and organotypic coronal slice cultures (OTCs)] were maintained in humidified 5% CO 2 /95% air and 37°C.
Stimulations. On DIV 9, dissociated cultures were switched from growth medium to defined stimulation medium (TM 0 ) plus the indicated drugs. TM 0 is composed of 90% salt-glucoseglycine (SGG) solution and 10% MEM [(ϩ) Earle's salts, (Ϫ) glutamine; Invitrogen] plus antibiotics as above. SGG is composed of the following (in mM): 114 NaCl, 26.1 NaHCO 3 , 5.3 KCl, 1 MgCl 2 , 2 CaCl 2 , 1 HEPES, 1 glycine, 30 glucose, 0.5 sodium pyruvate, 0.001% phenol red. Network disinhibition was elicited for 24 h with the GABA A receptor antagonist bicuculline (50 M) and the broad spectrum K ϩ -channel blocker 4-aminopyridine (250 M) (hereafter referred to as bic/4-AP). When used, NMDAR antagonists were added at the same time as bic/4-AP or TBOA (DL-threo-␤-benzyloxyaspartic acid). MK-801 was used at 10 M. Unless indicated, NMDA challenge was made in the presence of (M) 1 TTX, 40 CNQX, and 5 nifedipine, all added 5 min before NMDA. Unless indicated, NMDA was used at 100 M. Aspirin (1 mM), NS-398 (10 M), and pyrrphenone (1 M) were added 1 h before NMDA challenge. TBOA was used at 30 M. OTCs were switched to TM 0 Ϯ bic/4-AP on DIV 7, stimulated for 24 h, and then challenged with 100 M NMDA for 1 h.
Immunofluorescence microscopy and morphonuclear analysis imaging method. Cells were fixed in 3.7% neutral buffered formalin, permeabilized for 20 min in 0.1% Triton X-100 plus 20 M Hoechst 33258 in PBS, and blocked with 10% goat serum in PBS plus 1% BSA for 2 h at room temperature. Cells were incubated with primary antibodies in PBS plus 1% BSA for 1 h at room temperature. Primary antibodies were rabbit anti-COX-2 (Cayman) or rabbit anti-GAD65/67 (Millipore). Excess primary antibody was removed with three washes in PBS plus 1% BSA, and cells were incubated with secondary antibodies for 1 h. Secondary antibody was goat anti-rabbit Alexa 488 conjugate (Invitrogen). One 3 ϫ 3 tile mosaic representing a total area of 1.921 mm 2 was acquired from the center of each well using a Zeiss 510 Meta laser confocal microscope and LSM 510 Meta software. Hoechst and Alexa 488 signals were acquired on separate channels at 8-bit depth. Images were imported into NIH image analysis software ImageJ and batch processed using custom macros. An Otsu autothreshold was applied to each image of Hoechst-stained nuclei, and the area of each detected object was recorded. Objects with areas Ͻ10 m 2 were excluded from analysis ( Fig. 1o) . To estimate percentage nonpyknotic nuclei, we chose a size cutoff value above which objects were assumed to be non-pyknotic. The size cutoff for pyknosis was chosen based on the shapes of nuclear size distributions from populations of cells subjected to increasing concentrations of NMDA challenge (Fig. 1k) . We estimated the number of nuclei in overlapping bunches by dividing the area of the bunch by the modal nuclear size from a sparsely seeded population of control cells (Fig. 1o) , and the quotient of this operation was tallied with the non-pyknotic nuclei, as bunching tended to correlate with decreased injury and pyknosis. Objects with areas Ͼ3 times the modal nuclear size were assumed to constitute an overlapping bunch. Figure 1j shows colorized examples of how individual objects were tallied.
To quantify COX-2 expression, an Otsu autothreshold was applied to each image from the group with highest expression (e.g., bic/4-AP or TBOA for 24 h), and the average threshold value obtained by this procedure was then applied to all COX-2 IF images from all treatment groups. A lower limit for size exclusion was applied, and all remaining objects were counted as COX-2 "positive" neurons (see Fig. 3n , Method A). To insure that the thresholding process did not introduce bias into our analysis of COX-2 IF, we applied a second method (see Fig. 3o , Method B) in which the COX-2 channel was not thresholded. Instead, we used the boundaries of Hoechst-positive areas from a morphonuclear analysis imaging method (MAIM) (as in Fig. 1d ,g,j) to define regions of interest within the COX-2 channel. This approach returned a value for COX-2 IF Figure 2 . HPLC conditions and analytical columns used for HPLC-ESI-MS/MS-based mediator lipidomic analysis. HPLC Method 1 was used in conjunction with MRM operation for all quantitative assessment of target compounds. HPLC Method 2 was used to confirm the chirality of aspirin-triggered compounds. PGD 2 and PGE 2 are not well resolved by HPLC Method 1 since their mass spectra are closely related. HPLC Method 3 was used to resolve PGD 2 and PGE 2 for qualitative analysis. Analytical columns were maintained at 27°C.
that was associated with each cell regardless of the associated COX-2 IF signal intensity. To measure GAD65/67 expression, we applied an Intermodes autothreshold to each field and selected a lower size limit as indicated. GAD65/67 IF signal tended to be more diffuse than the COX-2 signal, which was primarily limited to soma and proximal dendrites as determined by double-staining with anti-MAP2. The Intermodes autothreshold was used to assess GAD65/67 signal because compared with Otsu and other threshold algorithms, it returned clearly discrete areas that were more reflective of somatic expression, which facilitated counting.
HPLC-ESI-MS/MS mediator lipidomics.
Lipidomics experiments were conducted using dissociated cortical cultures grown on 6-well culture plates (ϳ1 million cells/well; 2 ml of stimulation medium/well; 3 wells pooled/sample) or OTCs. OTC coronal slices from different anatomical regions were equally represented in all treatments to minimize variation due to biomass input. Samples were collected after 1 h of NMDA challenge or as indicated and 1250 pg of each internal standard was added. Cells from dissociated cultures and overlaid stimulation medium were sampled and processed separately. Stimulation medium was acidified and applied directly to preequilibrated BondElut C18 solid phase extraction (SPE) columns (Varian). Cells were scraped into 75% methanol plus 0.75 g/L BHT, sonicated, stored at Ϫ80°C for Ն1 h, and then accelerated at 4000 RCF for 20 min. Supernatants were diluted to Ͻ15% methanol (MeOH), acidified and applied to preequilibrated SPE columns. Columns were sequentially rinsed with 15% MeOH, water, and hexane. Target compounds were eluted with methyl formate, and eluate was dried under a UHP nitrogen stream. Extracts were resuspended in 25 l initial conditions mobile phase. Extracts (20 l injection volume) were loaded on C18 or chiral analytical columns (Fig. 2) connected to a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Scientific) equipped with a HESI-II electrospray ionization probe (operated in negative ion mode), and Accela autosampler, UV/PDA detector, and HPLC pump. The instrument was operated in full scan mode as indicated or multiple reaction monitoring mode (Table 1) . Target compounds were quantified by the method of surrogate internal standards in XCalibur software.
Calcium imaging. Cells were loaded with 11 M Fluo-3 AM in TM 0 (minus phenol red, plus 0.1% Pluronic F-127) for 20 min at 37°C. Excess dye was removed with two washes in phenol red free TM 0 , and imaging was conducted at room temperature on a Zeiss 510 Meta laser confocal microscope. Fluorescence intensities are reported as raw 8-bit gray values.
Results
Synaptic, not extrasynaptic, NMDARs induce neuronal COX-2 expression
Physiological synaptic activity in vivo enhances neuronal COX-2 expression in an NMDAR-dependent manner (Yamagata et al., 1993 ). An inference that clearly follows is that synaptic NMDARs mediate increased neuronal COX-2 expression. On the other hand, enhanced neuronal COX-2 expression under conditions that simultaneously stimulate both synaptic and extrasynaptic NMDARs mediates brain injury. For instance, cerebral ischemia increases neuronal COX-2 expression in the penumbra, and selective COX-2 inhibitor NS-398 reduces infarct volume (Nogawa et al., 1997) . NMDA microinjection in neocortex enhances COX-2 expression and prostaglandin synthesis and produces lesions that are attenuated by NS-398 (Iadecola et al., 2001; Manabe et al., 2004) , prostaglandin receptor antagonists (Kawano et al., 2006) , and prostaglandin receptor (Kawano et al., 2006) or COX-2 (Iadecola et al., 2001; Manabe et al., 2004) Single-/multiple-reaction monitoring (S/MRM) collision-induced dissociation transitions used in conjunction with HPLC Method 1 to quantify target compounds. The underlined compounds were used as surrogate internal standards for the corresponding PUFA classes (parent PUFA, monohydroxy-PUFA, and di-/trihydroxy-PUFA plus PGs). Transitions were picked from the four or five most abundant daughter ions produced by optimization of collision energy and tube lens offset. For mono-, di-, and trihydroxy-PUFA, only alpha cleavage or alpha cleavage plus peripheral-cut transitions were used. For compounds with similar parent mass and RT, transitions were picked to ensure minimal overlap of product ion spectra. CE, Collision (induced dissociation) energy (eV); RT, retention time in minutes.
2008). Oxygen-glucose deprivation in cortical cultures increases neuronal COX-2 expression (Gendron et al., 2004; Kim et al., 2007) . Stimulation of extrasynaptic NMDARs specifically couples to cell death, and enhanced COX-2 expression or activity exacerbates excitotoxicity, depending on which prostaglandin receptor subtypes are involved (McCullough et al., 2004) . Therefore, extrasynaptic NMDARs may regulate COX-2 expression or activity. To clarify the roles of synaptic versus extrasynaptic NMDARs in neuronal COX-2 expression, we applied unbiased COX-2 IF image analysis and simultaneous assessment of pyknosis using MAIM in dissociated cortical cultures. Enhanced synaptic activity was elicited by combination treatment with bic/4-AP. These conditions can result in a form of synaptic disinhibition characterized by network-wide (Arnold et al., 2005) , synchronized (Arnold et al., 2005) , and sustained (Bengtson et al., 2008; Tauskela et al., 2008) action potential firing and global calcium transients comparable to those induced by low dose bath NMDA or glutamate (Hardingham et al., 2002; Léveillé et al., 2008; Wittmann et al., 2009 ). Pretreatment of cultures with bic/4-AP produced remarkable resistance to a subsequent excitotoxic challenge with bath NMDA (Fig. 1n) . This result suggests that bic/4-AP induced network disinhibition in our system similar to that observed in previous studies (Papadia et al., 2005 (Papadia et al., , 2008 Léveillé et al., 2008 Léveillé et al., , 2010 . We found that 24 h of network disinhibition, which selectively stimulates synaptic NMDARs (Hardingham et al., 2002; Léveillé et al., 2008; Hardingham and Bading, 2010) , produced marked enhancement of neuronal COX-2 IF (Fig. 3) that was sensitive to the competitive NMDAR antagonist APV. In contrast, 24 h of bath NMDA at a dose (20 M) sufficient to produce moderate pyknosis failed to enhance COX-2 expression. To rule out the possibility that the differences in the amount of Ca 2ϩ influx resulting from synaptic activity versus bath NMDA treatment # p ϭ 0.001, n ϭ 5, ANOVA with Fisher's least significant difference (LSD) test. p, Simultaneous quantification of cell death using MAIM. **p Ͻ 0.0005, n ϭ 5, two-sample t test. q, The number of nuclei per unit area remained invariant across all treatments. r, Size distribution histograms of COX-2-positive objects identified by Otsu thresholding. The dashed line indicates the lower limit for size exclusion. s, Western blots for COX-2 expression using actin as a loading control. *p ϭ 0.035, ANOVA.
could account for the differential effects on COX-2 expression, we compared Ca 2ϩ fluorescence signals generated by bic/4-AP treatment and 20 M NMDA and found very similar profiles (Fig.  4) . Since network disinhibition selectively stimulates synaptic NMDARs, while bath NMDA stimulates both synaptic and extrasynaptic NMDARs, these results indicate that synaptic, not extrasynaptic, NMDARs induce neuronal COX-2 expression.
The Ptgs2 gene, which encodes COX-2, contains a cAMP response element (CRE) essential to COX-2 induction in neuronal and non-neuronal systems (Inoue et al., 1994; Smith et al., 2000; Lee et al., 2007) . Synaptic NMDAR stimulation enhances CRE-dependent transcriptional events, whereas extrasynaptic NMDARs actively oppose CRE-dependent transcription (Hardingham et al., 2002; Hardingham and Bading, 2010) . Additionally, whole-genome expression profiling of a very similar culture system showed that network disinhibition, but not bath glutamate, strongly induces Ptgs2 mRNA (Zhang et al., 2007) . Therefore, these studies support a model in which synaptic NMDARs engage COX-2 induction, while extrasynaptic NMDARs prevent COX-2 induction via inhibition of CRE-dependent transcription or through a general failure of transcription or translation associated with excitotoxicity.
Sequential synaptic and extrasynaptic NMDAR stimulation defines the extent of COX-2 activity Since synaptic, not extrasynaptic, NMDARs enhance COX-2 expression, we sought to determine how these receptor populations regulate COX-2 activity. We subjected dissociated cortical cultures to network disinhibition and measured PG levels associated with maximal COX-2 expression. Surprisingly, we found only small increases of prostaglandin D 2 (PGD 2 ), prostaglandin E 2 (PGE 2 ), and prostaglandin F 2␣ (PGF 2␣ ) (Fig. 5a) . Blockade of synaptic NMDARs with the noncompetitive NMDAR antagonist MK-801 prevented disinhibition-induced PG synthesis. When spontaneously active cultures were challenged with bath NMDA, which stimulates both synaptic and extrasynaptic NMDARs, PG synthesis was not enhanced (Figs. 5b, 6b ). In contrast, NMDA challenge of previously disinhibited cultures produced up to 80-fold higher PG synthesis (Figs. 5b, 6b) . PG synthesis was blocked by aspirin and by the COX-2 selective inhibitor NS-398, as expected. These observations demonstrate that maximal COX-2-dependent PG synthesis during excitotoxic events requires a history of enhanced network activity and synaptic NMDAR stimulation.
To establish the threshold NMDA dose for eliciting enhanced PG responses from previously disinhibited cultures, we applied low dose bath NMDA and found that as little as 20 M NMDA induced multifold increases in PG synthesis with concomitantly increased AA release (Fig.  6a) , suggesting that increased substrate availability is critical to maximize PG synthesis. A slightly higher dose of NMDA (30 M) produced multifold increases in PG synthesis that were strictly dependent on a history of enhanced synaptic activity (Fig. 6b) .
To determine whether enhanced PG synthesis has any impact on NMDA toxicity in previously disinhibited cultures, we applied NS-398 either 24 or 1 h before NMDA challenge. Surprisingly, NS-398 had no significant impact on nuclear pyknosis outcome (data not shown); however, addition of exogenous PGE 2 to spontaneously active cultures produced a significant increase in NMDA-induced pyknosis (Fig. 6c) .
To define how the unesterified PUFA pool size is regulated under conditions that promote maximal prostaglandin synthesis, we quantified accumulation of unesterified AA and docosahexaenoic acid (DHA; 22,nϪ3) in the cells and medium of NMDA-challenged cultures, with or without a 24 h bic/4-AP pretreatment. Critically, network disinhibition alone decreased basal levels of unesterified PUFAs, particularly in the cellular compartment (Fig. 7a) , and there was a corresponding decrease in PUFA peroxidation products in the stimulation medium (Fig.  7e,f ) . This process was not dependent on synaptic NMDARs, as MK-801 failed to unblock PUFA accumulation (data not shown). Therefore, synaptic activity decreases basal free PUFA levels, but synaptic NMDARs are neutral with respect to unesterified PUFA Figure 5 . Sequence of synaptic and extrasynaptic NMDAR stimulation controls COX-2 activity. a, b, Prostaglandin levels in cells and stimulation medium of dissociated cortical cultures treated for 24 h with bic/4AP (with or without MK-801) preceding a 1 h challenge with bath NMDA. Aspirin (ASA) and NS-398 were added 1 h before NMDA challenge. PGD 2 and PGE 2 are quantified together because they are not well resolved by standard HPLC conditions. *p ϭ 0.036, **p ϭ 0.046, n ϭ 4, two-sample t test. # p ϭ 0.001 vs all other NMDA-treated groups, n ϭ 4, ANOVA with Fisher's LSD test.
$ p ϭ 0.007, $$ p ϭ 0.006, $$$ p ϭ 0.001, n ϭ 4, two-sample t test. c-f, HPLC retention times (c, d) and full mass spectra (e, f ) of synaptic NMDAR-dependent, NS-398-sensitive compounds matched those of prostaglandin standards. Strigent HPLC conditions (Fig. 2, Method 3 ) were used to separate PGD 2 and PGE 2 for qualitative analysis.
accumulation. In contrast, bath NMDA challenge rapidly enhanced the unesterified PUFA pool size (Figs. 6a, 7a) , so extrasynaptic NMDARs must stimulate PUFA release, probably via PLA 2 activation (Fig. 7b) (Dumuis et al., 1988; Stella et al., 1995; Taylor et al., 2008) .
Interestingly, NMDA challenge of previously disinhibited cultures revealed compartment-specific unesterified PUFA sorting: NMDA-induced accumulation of PUFAs in the stimulation medium was prominently reduced by high activity history, while accumulation in the cells was not (Fig. 7a) . This indicates that the increased COX-2 load induced by synaptic NMDAR stimulation would still have ready access to unesterified AA substrate upon subsequent extrasynaptic NMDAR stimulation because COX-2 is located in membranes (Smith et al., 2000) into which unesterified PUFAs efficiently partition due to their hydrophobicity (Marszalek and Lodish, 2005) .
While synaptic NMDAR-mediated currents are reduced by prolonged network disinhibition (Watt et al., 2000) , isolated extrasynaptic NMDAR-mediated currents and Ca 2ϩ signals are not affected (Bengtson et al., 2008) . Additionally, bic/4-AP-induced Ca 2ϩ loads are approximately equal to those induced by bath glutamate or NMDA, particularly at lower NMDA doses (ϳ20 M) (Fig. 4) (Hardingham et al., 2002; Léveillé et al., 2008; Wittmann et al., 2009 ). These studies suggest that the extrasynaptic, rather than the synaptic, NMDAR-mediated component of bath NMDA treatment is more likely to account for enhanced PG synthesis during excitotoxic challenge of cultures with a high activity history via specific coupling to PLA 2 -dependent PUFA release (Fig. 8) .
Glutamate transporter blockade causes excitotoxicity, abnormal network excitability, and COX-2 induction
In our hands, 20 M NMDA produced Ca 2ϩ loads of magnitude similar to that of bic/4-AP (Fig. 4) , and when applied for extended time periods (e.g., 24 h), produced moderate nuclear pyknosis; however, unlike bic/4-AP, this manipulation failed to enhance COX-2 expression (Fig. 3) . On the other hand, there are numerous reports of COX-2 induction by bath application of NMDA. To explain this apparent discrepancy, we tested the hypothesis that excitotoxic insults must elicit enhanced synaptic activity to efficiently induce COX-2 expression. Perturbation of glutamate transporter function is associated with stroke, epilepsy, and neurodegenerative diseases (Beart and O'Shea, 2007) . We used the glutamate transporter blocker TBOA to investigate how failure of glutamate transporter function impacts network activity and COX-2 function. TBOA treatment of dissociated cortical cultures caused a mild increase in pyknosis after only 3 h (Fig. 9a) . This was a result of excitotoxicity caused by extrasynaptic spillover of synaptically released glutamate since blockade of spontaneous action potential firing with TTX reversed the effect of TBOA on acute pyknosis. Over the course of 60 h, there was a gradual increase in pyknosis in the control group (Fig.  9a,b) . TTX accelerated the rate of pyknotic change by decreasing synaptic NMDAR signaling (Papadia et al., 2005; Wittmann et al., 2009) . Surprisingly, TBOA partially prevented the TTX acceleration of pyknosis. Although TBOA alone caused a rapid (but mild) excitotoxicity, there was no further increase in pyknosis with time. By 60 h, pyknosis in the TBOA-only group was not different from pyknosis in the control group. TBOA also caused a time-dependent acidification of the stimulation medium that was prevented by TTX (Fig. 9c) . These results demonstrate that TBOA causes mild excitotoxicity, followed by increased network activity.
To determine whether glutamate transporter blockade controls COX-2 function, we measured COX-2 expression and PG levels in TBOA-treated cells. We found COX-2 induction comparable to that observed during bic/4-AP network disinhibition. TBOA-induced COX-2 expression peaked at 24 h and returned to baseline by 60 h (Fig. 9e) . However, PG levels were not remarkably increased after 24 h TBOA (Fig. 9d ) compared with basal and network disinhibition-induced levels (Figs. 4, 5) . Thus, when excitotoxicity precedes enhanced network activity, prostaglandin formation is not remarkably enhanced. This highlights the importance of sequential synaptic then extrasynaptic NMDAR stimulation to maximal PG synthesis by neuronal COX-2.
The dual excitotoxic and protective effects of TBOA should be mediated by extrasynaptic and synaptic NMDARs respectively. We therefore investigated the effects of the extrasynaptic NMDAR-selective antagonist memantine (Papadia et al., 2008; Okamoto et al., 2009; Xia et al., 2010) . We tested various concentrations of memantine against activity-dependent neuroprotection from chemical induction of apoptosis triggered by the protein kinase inhibitor staurosporine (Hardingham et al., 2002; Papadia et al., 2005; Léveillé et al., 2010) . Activity-dependent neuroprotection by network disinhibition was only disrupted at memantine concentrations greater than or equal to 10 M (Fig. 9f ) . Therefore, memantine doses up to 10 M do not interfere with synaptic NMDAR signaling. Interestingly, 10 M, but not 1 M, memantine prevented TBOA-induced COX-2 expression (Fig.  9g) . These results are consistent with the observation that synaptic, not extrasynaptic, NMDARs control COX-2 expression and suggest that TBOA-induced network activity occurs through an NMDAR-dependent process.
Because TBOA appeared to selectively kill a small subpopulation of cells with concomitant enhancement of synaptic activity, we hypothesized that TBOA might produce a form of network disinhibition by ablation of interneurons. On the contrary, after 60 h of TBOA treatment, GAD65/67 expression was increased, suggesting that interneurons are not ablated by TBOA (Fig. 9h,i) . This fails to explain the mechanism of TBOA-induced network activity, but it does suggest a compensatory means by which TBOA-induced network activity may be terminated.
Previous studies suggest potential mechanisms for TBOAinduced elevation of synaptic activity (Fig. 9j) . Low dose NMDA increases synaptic activity, and this effect has been proposed to result from NMDAR-dependent depolarization and increased likelihood of action potential firing, presynaptic facilitation, or LTP-like potentiation of non-NMDA ionotropic glutamate receptor-mediated currents (Soriano et al., 2006) . Additionally, oxygen-glucose deprivation, which causes both glutamate transporter failure (Rossi et al., 2000) and increased COX-2 expression (Gendron et al., 2004; Kim et al., 2007) , leads to enhanced network activity (Wahl et al., 2009 ).
Network activity history controls arachidonic acid and docosahexaenoic acid peroxidation in dissociated and organotypic cultures
In addition to prostaglandin synthesis, COX-2 catalyzes stereoand regioselective lipoxygenation of PUFA to monohydroxy-PUFA [e.g., 13-monohydroxy-DHA (13-HDHA) from DHA and 11-monohydroxy-eicosatetraenoic acid (11-HETE) from AA]. Acetylation of the COX-2 active site by aspirin results in synthesis of ( R)-enantiomers that possess intrinsic anti-inflammatory bio- ) increases synaptic activity and induces synaptic NMDAR-dependent neuroprotection (e.g., against staurosporine-induced apoptosis; vide infra). Under these conditions synaptic NMDAR-dependent COX-2 expression is markedly enhanced, while PG synthesis is only modestly elevated due to activity-dependent decreases in substrate availability. Challenge of spontaneously active cultures with bath NMDA (condition [2] ) results in excitotoxic cell death and elevated PUFA levels, but COX-2 expression upon addition of NMDA is minimal; therefore, prostaglandin levels remain low. Robust synaptic NMDAR-dependent increases in COX-2 expression are probably blocked by stimulation of extrasynaptic NMDARs. When network disinhibition precedes an excitotoxic challenge (conditions [1] then [2]), PG synthesis is greatly enhanced because COX-2 load and substrate availability are both high. activity and can be converted to more potent anti-inflammatory mediators (e.g., resolvins, lipoxins, and electrophilic oxo-derivatives) via subsequent enzymatic and transcellular processing (Serhan et al., 2000 (Serhan et al., , 2002 (Serhan et al., , 2008 Bazan, 2003 Bazan, , 2006 Marcheselli et al., 2003; Groeger et al., 2010) . In contrast, the abundance of monohydroxy-PUFA not produced by mammalian enzymes (e.g., 8-HDHA and 9-HETE) reflects nonenzymatic lipid (auto)peroxidation. We resolved 10 mono-HDHA and 6 mono-HETE regioisomers and their parent PUFA using HPLC-ESI-MS/MS in dissociated cortical cultures subjected to network disinhibition and NMDA excitotoxicity to establish whether synaptically activated neuronal COX-2 mediates synthesis of aspirin-triggered mediators. We found that network disinhibition attenuated NMDA-induced nonenzymatic lipid peroxidation while enhancing monohydroxy-PUFA from COX-2 (Fig. 10a,b) . Aspirin switched COX-2-dependent lipoxygenation of DHA and AA to preferential 17-( R)-HDHA and 15-( R)-HETE synthesis (Fig. 10a-f ) . These results indicate that modulation of the COX-2 active site with aspirin-like compounds (Kalgutkar et al., 1998; Carlson, 2003) to favor synthesis of (R)-monohydroxy-PUFA may be a therapeutic target in diseases characterized by abnormal network activity and neuroinflammation. Moreover, synaptic activity prevents both NMDA-induced (Fig.  10a,b) and basal (Fig. 7e,f) nonenzymatic lipid peroxidation, which is associated with cell damage.
To determine whether the activity history of the synaptic network is a critical determinant of excitotoxicity-induced COX-2 signaling in vivo, we subjected OTCs, which maintain closer parity to in vivo cortical architecture, to network disinhibition and NMDA challenge (Fig.  10g-i) . Prostaglandin synthesis in OTCs was strongly elevated by NMDA treatment, but only in the context of elevated activity history. This result indicates that sequential synaptic then extrasynaptic NMDAR stimulation is likely to control the extent of prostaglandin formation from in vivo neuronal networks.
Discussion
We have illuminated the significance of synaptic and extrasynaptic NMDARs in neuronal COX-2 function by showing a new mechanism that amplifies PG synthesis. The temporal pattern of synaptic and extrasynaptic NMDAR stimulation is necessary for maximizing COX-2 load, substrate availability, and PG synthesis. We also demonstrate that sustained increases in synaptic activity limit the size of the unesterified PUFA pool, along with basal and excitotoxicity-induced PUFA autoperoxidation, through a synaptic NMDAR-independent mechanism. In contrast, bath NMDA rapidly increases the PUFA pool size and PUFA autoperoxidation, implying a specific role for extrasynaptic NMDARs in PUFA release from membrane phospholipids. This mechanism likely occurs via specific coupling of extrasynaptic NMDARs to cytosolic phospholipases A 2 (Sanchez-Mejia and Mucke, 2010), which are stimulated by calcium to translocate to membranes. # p ϭ 0.005 vs all treatments, n ϭ 6, ANOVA with Fisher's LSD test. h, Representative micrographs used for GAD65/67 IF image analysis. Scale bar, 40 m. i, Size distribution histograms of GAD65/67-positive areas identified by Intermodes thresholding. The dashed line indicates the lower limit for size exclusion. Inset, GAD65/67 expression quantified after 60 h TBOA treatment. *p ϭ 0.001, n ϭ 6, two-sample t test. j, Inhibition of glutamate transporter function with TBOA (1) increases the ambient glutamate concentration, resulting in stimulation of both synaptic and extrasynaptic NMDARs. Evidence for stimulation of extrasynaptic NMDARs (2) is observed as a rapid, mild, TTX-sensitive increase in nuclear pyknosis. Synaptic NMDAR stimulation in the context of enhanced action potential firing is required for increased COX-2 expression (3). The exact mechanism by which TBOA increases synaptic activity is unknown, but the process probably involves an NMDAR-dependent increase in neuronal excitability, and it may be terminated by compensatory GABAergic tone.
The significance of amplified PG synthesis during excitotoxic challenge of neurons with a high activity history remains uncertain. We have suggested that sufficient stimulation of extrasynaptic NMDARs may convert COX-2 signaling from a physiological to a pathological process. We found that exogenous PGE 2 can exacerbate NMDA toxicity in neurons with a history of basal synaptic activity levels; whereas blockade of PG formation in neurons with high activity history had no effect. To the extent that enhanced PG formation in previously disinhibited neurons may exacerbate excitotoxicity, these influences could be masked by the neuroprotective shield associated with synaptic activity. On the other hand, many studies have suggested that selective activation of some PG receptor subtypes (McCullough et al., 2004; Wu et al., 2007) may be a valid therapeutic strategy under certain circumstances. Therefore, enhanced PG synthesis in synaptically primed neurons may actually be a defensive response to injury. This is a complex area of investigation, and the distinct roles of the various PGs and their receptors are likely context-specific vis-à-vis pathology and cell type. No matter how these issues are ultimately settled, an understanding of this novel neuronal PG amplification mechanism will help inform debate and future investigations in this area.
We also showed that excitotoxic events can lead to abnormal network activity and enhanced COX-2 expression, explaining how this immediate-early gene enzyme can be induced by NMDARs outside the context of physiological synaptic activity. As we have demonstrated, NMDAR stimulation alone is not enough. For instance, bath NMDA (Soriano et al., 2006) treatment or oxygen-glucose deprivation (Wahl et al., 2009 ) of dissociated neuronal cultures should only lead to COX-2 induction if network activity is enhanced. The extracellular glutamate (or NMDA) concentration must be high enough to initiate abnormal excitability, but not so high as to cause chronic membrane depolarization. Aberrant network excitability plays an important role in neurodegenerative diseases (Palop et al., 2006 (Palop et al., , 2007 in which neuroinflammation (Block et al., 2007) and excitotoxicity (Hardingham and Bading, 2010) are prominent features.
Under physiological circumstances, why would extrasynaptic NMDARs selectively couple to maximal PG synthesis via COX-2 substrate (AA) release? Physiological stimulation of extrasynaptic NMDA receptors may occur under certain conditions. For example, during spatiotemporally dense synaptic activity, glutamate transport mechanisms may be insufficient to completely prevent spillover (Okubo et al., 2010; Okubo and Iino, 2011) . Extrasynaptic NMDARs could serve as sensors of acutely increased metabolic demand. If the extrasynaptic NMDARs really are preferentially coupled to a substrate release mechanism (such as a PLA 2 ), then the resulting release of AA and rapid "bump" in PG synthesis could signal to arteriolar vasodilation, matching blood flow to metabolic demand.
Important questions remain. Electrophysiological approaches are needed to confirm the patterns of synaptic and extrasynaptic NMDAR stimulation proposed to mediate the observations described here, and these experiments are currently underway. In addition to COX-2 load and substrate availability, are there additional mechanisms that amplify PG signaling during sequential stimulation of synaptic then extrasynaptic NMDARs? Neuronal nitric oxide synthase (nNOS) mediates NMDA neurotoxicity by S-nitrosylation of COX-2 (Tian et al., 2008) , and membraneassociated guanylate kinases (MAGUKs) may couple extrasynaptic NMDARs to excessive nitric oxide production (Hardingham and Bading, 2010) . Therefore, COX-2 nitrosylation by nNOS may be an important event in amplifying COX-2 signaling distal to the extrasynaptic NMDAR. Targeting of mechanisms that couple sequential synaptic then extrasynaptic NMDAR stimulation may lead to novel anti-inflammatory/neuroprotective strategies.
